a model interracial system, exhibiting in dtro the same behavior as the intracellular enzyme, must be constructed. The present paper, and the following one, will be devoted to experiments carried out largely on the first level, that of the enzyme within the ceil; experiments on the second level are in progress.
In the course of a preliminary survey of compounds possessing the ability to cause enzyme alteration (altering agents), it was noted that some of the higher alcohols were quite active at low concentration. It therefore seemed natural, in view of the interfacial hypothesis, to theorize that these altering agents were active in consequence of their surface properties, in much the same way (as Warburg had shown (4) ) that these agents inhibit the oxidation of amino acids at the surface of blood charcoal by adsorbing preferentially at the charcoal/water interface. The interracial hypothesis led to the prediction that the ability of surface-active agents to cause enzyme alteration would be closely correlated with their ability to reduce the energy at some model (even though unphysiological) interface, such as that between air and water. It will now be shown that this prediction has been confirmed in the case of enzyme alteration by homologous series of aliphatic alcohols, ketones, and aldehydes and that the data strongly support, but do not prove, the hypothesis that yeast catalase is associated with an intracellular interface.
M etkods
Methods of preparing yeast suspensions have been described in Paper I; all suspensions were prepared in ~¢/15 SSrensen's phosphate buffer, pH 7.2. Catalase activity was assayed manometrically as in Paper I. Substrate was made up in buffer and final H~Os concentration in the reaction vessels was 0.44 ~¢. All aliphatic altering agents used were unbranched, alcohols being substituted in the C1 position and ketones at Ca. Nomenclature of these chemical agents is that of the International Union of Chemistry (5) .
In order to avoid the problem imposed by the low solubility of some of these altering agents in the aqueous yeast suspension, the less soluble members of each series (alcohols, C, and higher; ketoues, C6 and higher; aldehydes, Cs and higher) were prepared as a series of dilutions in ethanol; 1 ml. of the final dilution was added to 9 ml. of a 1 per cent yeast suspension, in an Eflenmeyer flask. Under these conditions, the final concentration of ethanol was always less than half that required to produce by itself any effect on yeast eatalase; data to be presented below showed that ethanol, when used as a solvent for the more surface-active agents, exerted only a very minor influence itself on the biological system under study.
When the smaller, more soluble members of any of the series of compounds were used, varying amounts were pipetted directly into Erlenmeyer flasks, and made up to 9 ml. with buffer; 1 ml. of a 9 per cent yeast suspension was then added, so that the fin~! concentration of yeast was 0.9 per cent as it was when ethanol was used as a solvent. All flasks were then shaken at room temperature for 30 m~nutes, as described in Paper I; the effect of duration of treatment wfI1 be discussed in a subsequent communication. Following treatment of the cells with the agent under study, they were washed three times with buffer, diluted to a 0.02 per cent suspension, of which 1 mi. aliquots were pipetted into the Warburg-Bareroft vessels proper, 1 ml. of the substrate being placed in the side arms.
Surface tensions were determined by the ring method of du Notiy; dilutions of the agents to be ex~mlned were prepared exactly as for the study of altering activity, except that the yeast was omitted.
Experiments will be reported in which the final concentration of yeast in the Erlenmeyer fla_d~q was reduced to 0.09 per cent, or raised to 9.0 per cent, to determine whether yeast concentration was a factor in altering activity. Methods of plating out cells and counting colonies have been described in Paper I.
RESULTS
All the aliphatic alcohols, ketones, and aldehydes investigated (with the exception of octadecanol) were effective in causing the yeast cells to demonstrate the Euler effect, that is an increased catalase activity, although the extent of the activation produced by the optimal concentration of altering agent was not the same for all, as will be shown. The curves, relating catalase activity of the cells to the final molar concentrations of the altering agents used in the pretreatments, were of 4 distinct types. In Fig. I , curve I, is shown the effect of ethanol concentration on intracellular catalase activity: the activity of the suspension has been increased from the usual 20 to 30/~l./min. to a maximum which varied between 320 to 360 ~l./min., an activation of the same order as that described in Paper I for CHCIa and ultraviolet pretreatments. Above a final ethanol concentration of approximately 5 x¢, activity fell off sharply, and was abolished altogether after treatment by approximately 8.6 x¢ ethanol. Altering agents which produced marked inactivation of catalase often produced at the inactivating concentrations a visible dumping of the yeast cells; this was reversible since washing restored the suspension to its usual, well dispersed character. Clumping of this sort was not related directly to the inactivation process, since propanone, which did not cause inactivation (Table II) , caused dumping at all concentrations producing maximal activation. Corresponding changes in the surface tensions of the treatment mixtures are shown in Fig. 1, curve B .
As the biological criterion of altering activity, I have chosen the concentration of altering agent which produced doubling of catalase activity of the standard suspension; the doubling point was selected since a dear-cut difference in activity was established below those concentrations of altering agent at which small increases led to large changes in activity. These data were quite reproducible; for example, 4 determinations of doubling point for ethanol gave an average of 3.60 ~r ± 0.50 (standard deviation). It was thus possible to extrapolate from these curves both the concentration required to produce doubling of catalase activity, which is the criterion of the altering activity of any chemical agent, and the corresponding surface tension of the treatment mixture, as illustrated in Fig. 1 . Figure 2 , curve 2, represents change in enzyme activity with changes in concentration of butanol; in this case, it was impossible to cause decrease in catalase activity with concentrations higher than optimal. The fact that propanone, which has in6nite solubility in water, exhibited behavior of this (Table II) , shows that the failure of this class of altering agents to cause inactivation of catalase at high concentration is not due to diminished solubility in water. Surface tension changes are depicted in Fig. 2 , curve B; here the initial surface tension was 51 to 52 dynes, since the controls (~.e., no butanol pretreatment) contained 1 part in ten by volume of ethanol.
Two other types of curve were noted, and are represented in Fig. 3 . Curve 3 shows changes in catalase activity with varying concentrations of methanal: optimal activity was but one-third to one-fourth that achieved by compounds of types 1 and 2, and only a very high methanal concentration produced total inactivation. Curve 4 represents the effect of varying concentrations of ethanal: Completely inactive at all concentrations
Average extrapolated surface tension, methanol through octanol: for doubled catalase activity--42 4-2 dynes/cm. for ~a~mal activation --36:1:2 dynes/cm. * Not possible to cause complete inactivation of catalase.
optimal catalase activity was comparatively low, and a small increase beyond optimal concentration caused complete inactivation of the enzyme. In addition to methanal, type 3 was obtained only in the case of nonanone; type 4 was observed only in the case of ethanal, and the determination of the doubling point was very difficult for this altering agent, especially since in occasional experiments it was impossible to demonstrate any altering activity at all. While the behavior of propanal was a bit more orthodox (curve type 2), the three lower aldehydes were all atypical in their altering activity, and in the Average extrapolated surface tension for doubled catalase activity--41 -4-3 dynes/cm. (excluding methanal).
case of the methanal-induced catalase activation, the phenomenon might be due to an entirely different cause than in the case of the other altering agents.
These data are summarized in Tables I to III. Table I describes the behavior of alcohols, Table II , that of ketones, and Table III , that of aldehydes. It will be noted in all three that altering activity increased with increased chain length. On the other hand, the extrapolated surface tensions corresponding to the equiactive molar concentrations of alcohols (below C9), ketones, and aldehydes (above C1) were 42 4-2, 43 4-2, and 41 4-3 dynes/cm, respectively. Aldehydes and alcohols of equal chain length possessed similar altering activity, although a given concentration of alcohol was usually slightly more active toward the yeast catalase. The ratio of equiactive concentrations of alcohols and aldehydes of equal chain length (n --1 to 8) was c¢ C--~il -1.23 q-0.54.
Surface tensions corresponded rather closely, except, as has been noted, for the 3 lowest aldehydes.
On the other hand, Table II reveals that the ketones were considerably less active than alcohols or aldehydes; the ratio of altering activities of ketones and alcohols was (for n --3 to 8)
Ct M C~' ffi 4.7 ~-1.4
Despite the approximate fivefold difference in equiactive molar concentrations, the corresponding surface tensions were, for the ketones, within the same narrow range as that for the alcohols. The effect of ethanol as solvent is shown in Table I , line 4. Comparison of a and b, with and without ethanol, demonstrates that the solvent did not introduce a large error either in altering concentration or in corresponding surface tension.
In Fig. 4 is plotted the logarithm of the equiactive altering concentrations of ketones and alcohols versus the number of C atoms in the altering agent. Curve A, altering activity of alcohols, is linear through C8, thereafter falling off the line (C9 to C12); as noted in Table I , octadecanol was completely inactive. Curve B, altering activity of ketones, is linear throughout the range tested. Curve C, extrapolated surface tensions, shows no significant variations, whether for ketones or for alcohols of up to Cs. In the case of alcohols of C9 and higher, the surface tensions decreased as the altering concentrations fell off the curve. In Fig. 5 , a similar curve is plotted for aldehydes. A straight line fits the experimental points quite well, except for ethanal and propanal which deviated sharply from the curve.
Since the average surface tensions corresponding to equiactive solutions of the altering agents were 41 to 43 dynes, it was decided to determine, by extrapolation, the concentrations of the various alcohols producing depression of the surface tension to 43 dynes/cm. When the log of these extrapolated concentrations is plotted against chain length, the curve shown in Fig. 6 is obtained. It will be remarked that the surface activity of the higher alcohols (C9 to C12) has not dim;nished below that expected from behavior of the lower members of the series.
In order to compare the surface and biological activity of the alcohols used in this study with that reported elsewhere, I have plotted in Fig. 7 some data of Clark (6), since these are the only ones known to me in which alcohols higher than Cs have been used; these data relate the ability of these compounds to I~o. 5. Effect of variation in chain length on altering sctivity of aldehydes. This curve would be just slightly below that for alcohols (Fig. 4, curve A) if plotted on the same scale.
depress the beating of the frog heart and to lower the surface tension of water. It will be noted from curve A that the narcotic activity has apparently begun to fall off at Cry, but, from curve B, that the surface activity of decanol has not diminished. In both respects, these data are similar to ours (riz. Figs. 4  and 6 ).
Traube's rule (see, for example (7)) states that the surface activity of an homologous series increases approximately threefold for each methylene group added. The changes in biological and surface activity, with increase in chain length, of the agents studied were calculated from the slopes of the curves presented in Figs. 4 to 7 , and are summarized in Table IV . It will be noted that all the data are at least reasonably consistent with Traube's rule.
It was desired to determine the effect of concentration of the yeast cells on the activity of altering agents. Yeast suspensions varying over a lO0-fold range of concentration (0.09 to 9.0 per cent) were subjected to different concentra-
,3oyNEs
Fro. 6. Effect of variation in chain length on concentration (extrapolated) of al cohols required to reduce surface tension to 43 dynes/can. tions of butanol; the curves obtained at either extreme were not distinguishable from that presented in Fig. 2 , curve 2, as is shown in Table V . Chloroform, whose action was discussed in Paper I, likewise caused activity changes which were independent of the yeast concentration over the 100-fold range; CHC13 possessed an activity-concentration curve of type 2 and caused activity of the suspensions to double at approximately 4 X 10 -~ M.
It was reported in Paper I that a maximum Euler effect, caused by CHCIs or ultraviolet radiation, resulted in the complete sterilization of the population of yeast. In the present series of studies, maximal activation of the intracellular catalase by surface-active agents was also accompanied by the death of all the ceils, as determined by their inability to form colonies on nutritive medium. The question then arose as to whether alteration of the enzyme was a simple consequence of the killing of the cells by these agents (although it was noted in Paper I that heat-killed cells did not undergo enzyme alteration). Table I .
To attack this question, the standard yeast suspensions were treated with the same concentrations of butanol used in the catalase studies (Fig. 2, curve 2) ; these suspensions, after washing, were diluted and plated out to determine survival. If the butanol-induced killing were responsible for alteration, that is, if enzyme alteration were an all-or-none effect taking place only when a cell has been killed, it follows that intermediate concentrations of butanol (i.e., producing a submaximal activation of catalase) should produce a decrease in viability of the population corresponding to the degree of activation of its catalase. For example, a concentration of altering agent which produces an increase in catalase activity which is one-half maximal should cause a 50 per cent decrease in viability of the treated suspension.
In Fig. 2 , curve D represents the survival which would be predicted on the basis of an all-or-none activation per cell (using a colony count of 100 per plate as 100 per cent survival), and curve C represents the actual average plate counts (24 plates, from 6 experiments). It will be noted that there is a great disparity between the experimental and the theoretical curves at two
TABLE VI

Absence of Proportionality be~veen Diminution in Viability of Popula~on of Yeast Cells and Alteration of Ca~lase
Catalase activity and viability of standard yeast suspensions following pretreatment with varying concentrations of butanol. Each activity represents the average of 11 separate experiments (each in duplicate), and colony counts represent average of 24 plates, from 6 experiments; standard deviations are shown, where necessary. Activities should be multiplied by 40 to give rate constants (dimensions--microliters per minute). 100 colonies per plate (the average number following treatment with 1.09 X 10 -1 x butanol) were considered, for convanience, to represent the viability of the untreated population. 7.88 was considered to represent maximal activity and 0.75 the activity of the controls. killing, were aN-or-none for each cell, we should expect that this concentration, which produced an activation 48 per cent of maximal, would permit the recovery of 52 colonies per plate (52 per cent); the fact that but 3 -4-3 colonies per plate were recovered indicates that the hypothesis of all-or-none activation is incorrect, a conclusion supported by the disparity between observed and theoretical at 5.45 X 10 -1 5, as well. These data show that a population of yeast ceils may be killed by a concentration of altering agent insufficient to produce complete activation of the intracellular catalase. Other evidence, as well as that of Table VI , suggests further that catalase activity of yeast cells may be at least doubled by various altering agents without any diminution in the viability of the population. Hence, enzyme alteration does not follow directly from the lethal action of the altering agent, and is not necessarily all-or-none per cell. Finally, it should be noted that the altering activity of the agents used in this study is apparently not directly related to their fat solubility, since pentane, hexane, and heptane were completely inactive, even when the blotted cells were immersed directly in the pure hydrocarbons.
DISCUSSION
The ability of normal, aliphatic alcohols from Cx to C8 to cause enzyme alteration is closely correlated with their ability to reduce the energy at an aqueous surface; catalase activity of the standard yeast suspension was doubled when the surface tension of the treatment mixture was reduced to 42 ± 2 dynes/cm., although the corresponding concentration of these alcohols varied over a 4,000-fold range. However, above Cs the altering activity did not increase correspondingly with increased chain length, even though the surface tensions of the equiactive treatment mixtures were very low (28 dynes/cm. in the case of dodecanol). The usual explanation of the diminished biological activity of the higher members (above Ca) of various homologous series is that micelles have formed due to association of the non-polar "tails" of the molecules in the treatment mixtures (Danie]li (8) ). The fact that the surface activity of the C9 to C12 alcohols has not diminished (Fig. 6 ) rules out molecular association as an explanation of the diminished altering activity of these compounds. A more reasonable explanation would be a diminished permeability of the cell membrane to compounds of chain length greater than C8; this is supported by the observation that octadecanol is incapable of causing any change in catalase activity. The decrease, and ultimately, abolition, of altering activity with increased chain length above C8 eliminate the possibility that the interface involved in the action of these altering agents is the cell surface itself. 1 The altering activity of all ketones and of aldehydes of C~ and higher was closely paralleled by their surface activity. Although the ketones possessed but one-fourth to one-fifth the altering activity of the aldehydes and alcohols, 1 The cenulose wall around the yeast cell could hardly prevent the access to the cell membrane of alcohols from C4 to Cls (molecular weights 144 to 270) since compounds such as methylene blue (molecular weight 370), peptone, etc., do penetrate the cell. In any case, the same phenomenon is observed at C:0 in the case of the frog heart (Fig. ~) , where there is no cell wall. the concentrations at which they caused doubled catalase activity depressed the surface tension of the treatment mixtures to the same extent (to 43 -4-2 dynes) as observed in the case of alcohols and aldehydes. On the other hand, the behavior of methanal was definitely aberrant, as shown by the high surface tension of the treatment mixtures causing catalase activation; its action, direct or indirect, on yeast catalase cannot be attributed to its surface properties, and the fact that it lies on the curve (Fig. 5) is possibly a fortuity.
A contentious issue in pharmacology has been whether the augmented action of narcotics of higher molecular weight within a homologous series of compounds is related to change in surface activity (Tmube, Warburg, Clark) or in fat solubility (Meyer, Overton) . In our work, this issue does not arise, for, although altering~ agents might dissolve in some intracellular fat phase, they could affect the activity of catalase, a water-soluble enzyme, only at the interface separating fat and aqueous phases. Further, the fat-soluble, but nonsurface-active, hydrocarbons possessed no altering activity whatever.
Ferguson (9) has pointed out that the surface activity, partition coefficient, water solubility, and vapor pressure of molecules within a homologous series all change logarithmically with increase in chain length; all four physical properties are expressions of a distribution of the molecules between two phases, a distribution which exists because of the difference in thermodynamic activity of the molecules in the two phases. Fundamentally, it is this difference in thermodynamic activity which changes with chain length (reference 9; for recent literature, see excellent review by Dethier (10) ). In the case of the alteration of intracellular catalase, it is not possible to attribute the great increase in catalase activity, produced by successively lower concentrations of altering agent for each methylene group added to the altering agent, either to the consequent decrease in water solubility, the decrease in vapor pressure, or the increase in fat solubility. We may thus conclude that the ability of any of the compounds employed in the present study (except methanal) to cause enzyme alteration is related to their ability to adsorb at some critical interface within the cell. That protein may easily be desorbed from an interface (air/water) as a result of displacement by other surface-active substances has been shown by the work of $chuhnan and colleagues (11, 12) . Our data are therefore consistent with the hypothesis that surface-active agents achieve the alteration of intracellular catalase by causing its desorption from some intracellular interface.
How then are we to explain the altering activity of agents which are not surface-active, such as chloroform s and ultraviolet radiation (Paper I)? The i The question as to whether CHCI8 possesses interfacial activity has not as yet been fully resolved (~z. reference 13). We have been unable to measure by ordinary methods any inteffacial activity of CHCIs whether at the air/water, or variou's oil/ water, interface(s). Nevertheless, the simple thermodynamic reasoning of Har]~n~ (see (14) ) has shown that this substance should spread at a water surface with a de-interfacial hypothesis requires us to speculate that these agents affect the interface at which catalase is adsorbed either indirectly, by causing the release of surface-active substances within the cell, or directly, by interacting with the substance(s) stabilizing the interface. Since non-surface-active agents can cause enzyme alteration, we cannot conclude that the interface, change in whose properties causes the activation of catalase observed in the present studies, is the site of the enzyme itself; we cannot rule out the less economical hypothesis that events occurring at the interface shown to be critical in the present studies, cause only indirectly the observed modification in properties of the intracellular catalase.
In the third paper in this series, it will be shown that enzyme alteration is accompanied by clear-cut changes in the kinetics of yeast catalase and of the catalase-substrate system, and that these changes are in a direction consistent with predictions made from the interracial hypothesis.
SUMMARY AND CONCLUSIONS 1. The ability of homologous series of alcohols, ketones, and aldehydes to cause alteration of intraceUnlar catalase increases approximately threefold for each methylene group added, thus following Traube's rule. Equiactive concentrations of alcohols (methanol to octanol) varied over a 4,000-fold range, yet the average corresponding surface tension was 42 4-2 dynes/era., that for ketones 43 ± 2, and for aldehydes (above C1) 41 4-3.
2. Above Cs the altering activity of alcohols ceased to follow Traube's rule, and at Cls was nil. Yet the surface activities of alcohols from nonanol to dodecanol did follow Traube's rule. These two facts show that the interface which is being affected by these agents is not the cell surface, for if it were, altering activity should not fall off between C0 and Clg where surface activity is undiminished; they show also that micelle formation by short range association of hydrocarbon "tails," usually invoked to explain decrease in biological activity of compounds above C8, is not responsible for this effect in these experiments, in which permeability of the cell membrane probably is involved.
3. The most soluble alcohols and aldehydes (alcohols Cz to C8; aldehydes CI, Cs), but not ketones, cause, above optimal concentration, an irreversible inhibition of yeast catalase.
4. The critical concentration of altering agent (i.e., that concentration just crease in free surface energy of ! 3 ergs/cm, s (the spreading coetBcient, Fs); that CHCIs does in fact spread on water is easily demonstrated experimentally, and we have confirmed Harklns' finding that chloroform possesses a positive Fs, our value being 16 ergs. However, substances such as heptane and other pure hydrocarbons, which are completely inert as altering agents, have positive spreading coefficients (in the case of heptane, 22 ergs), which makes it most !lnliirdy that CHCh acts by virtue of whatever interfacial activity it may possess.
sufficient to cause doubling of the catalase activity of the yeast suspension) was independent of the concentration of the yeast cells. 5. Viability studies show that the number of yeast cells killed by the altering agents was not related to the degree of activation of the catalase produced. While all the cells were invariably killed by concentrations of altering agent which produced complete activation, all the cells had been killed by concentrations which were insufficient to cause more than 50 per cent maximal activation. Further, the evidence suggested that the catalase may be partially activated by concentrations of altering agent which cause no decrease in viability at all. Hence alteration, unlike death, may not be all-or-none per cell.
6. The fact that the biological criterion being examined was the activation of a water-soluble enzyme rules out the possibility that the reason for the logarithmic increase in altering activity with chain length was increase in concentration of the altering agent in some intracellular fat phase. It is concluded that these surface-active agents cause enzyme alteration by becoming adsorbed at some intracellular interface and thus causing, directly or indirectly, the modification of catalase properties.
7. It is considered that these data support, but do not provide critical proof for, the interracial hypothesis, which states that catalase is present at the intracellular interface in question, but is desorbed into solution as a consequence of the alteration process.
